Abstract 25
The use of relative next generation sequencing (NGS) abundance data can lead to 26 misinterpretations of microbial community structures as the increase of one taxon leads to 27 concurrent decrease of the other(s). To overcome compositionality, we provide a quantitative 28 NGS solution, which is achieved by adjusting the relative 16S rRNA gene amplicon NGS data 29 with quantitative PCR (qPCR-based) total bacterial counts. By comparing the enumeration of 30 dominant bacterial groups on different taxonomic levels in human fecal samples using taxon-31 specific 16S rRNA gene-targeted qPCR we show that quantitative NGS is able to estimate 32 absolute bacterial abundances accurately. We also observed a higher degree of correspondence 33 in the estimated microbe-metabolite relationship when quantitative NGS was applied. Being 34 conceptually and methodologically analogous to amplicon-based NGS, our qPCR-based 35 method can be readily incorporated into the standard, high-throughput NGS sample processing 36 pipeline for more accurate description of interactions within and between the microbes and host. 37
38
Main text 39 Microbiota datasets arising from NGS are compositional in nature: the relative abundances of 40 the taxa always sum up to 1 (1). Since the changes of components are mutually dependent, 41 erroneous conclusions may occur if data are analyzed using traditional statistical methods. 42
Compositionality particularly hampers the interpretation of microbiota changes in longitudinal 43
studies, such as interventions. If a single taxon increases or decreases in relative abundance, the 44 relative abundances of other taxa will show a corresponding, opposite change. It becomes 45 impossible to determine which taxon was truly affected by an intervention ( Supplementary Fig.  46 S1). Contrary to the speculation that compositionality is dismissible in high complexity 47 environments (2), our simulations revealed that the compositionality effects may lead to 48 extensive false positive findings in samples containing complex microbial communities (e.g., integrative workflow that combines flow cytometry-based bacterial enumeration and NGS for 60 fecal samples. Also spike-in bacteria (7) or DNA (8) has been used for the purpose of 61 quantification of microbiota NGS profiles. For fungi, also qPCR has been employed to 62 transform the relative abundance data from pyrosequencing to absolute values (9). 63
Notwithstanding the increased awareness of compositionality and the recent advances in 64 quantitative microbiome profiling, the majority of human microbiome studies to date have not 65 adopted any countermeasures. We believe the practicability and accessibility of many 66 previously proposed solutions represent obstacles for the wider adaptation of quantitative 67 microbiome profiling in human microbiome research. In particular, the flow cytometry-based 68 approach requires considerable expertise for reproducible results, considering flow cytometric 69 enumeration of microbial cells was initially restricted to pure cultures (10) and still remains 70 challenging when performed in complex matrices (11). 71
To render quantitative microbiome profiling from NGS data easy and accessible, we devised 72 and validated a 16S rRNA gene-targeted qPCR-based quantification method. qPCR has been 73 widely used for accurate and targeted quantification of specific bacterial groups and species 74 especially until the era of NGS. Here, we first quantified total bacteria using universal bacterial 75 primers (12) by qPCR (Supplementary Methods) in 114 adult fecal DNA samples that have 76 been analyzed for microbiota composition using Illumina MiSeq for 16S rRNA gene amplicon 77 sequencing (13). The qPCR threshold cycle (Ct) values were converted to the estimates of 78 bacterial genomes present in 1 g of feces (total bacterial counts), which were used to estimate 79 absolute abundance of the NGS-detected taxa (Fig. 1) by a simple equation: 80
Next, we validated the estimated quantitative abundances of four representative taxa by qPCR 83 using the taxon-specific primers ( Supplementary Table 1 ) for the phylum Bacteroidetes, 84
Clostridium cluster XIVa (family Lachnospiraceae), genus Bifidobacterium and Escherichia 85 coli species. Absolute quantification was achieved by using standard curves. We found near-86 perfect correlations between the estimated quantitative abundances and qPCR abundances in 87 all tested taxa (Fig. 1b) , indicating that qPCR-adjusted NGS (hereafter termed quantitative NGS) 88
profiles are able to reflect absolute bacterial abundances in feces as accurately as taxon-specific 89 qPCR. The correspondence decreases at the very low end of the abundance range, likely due to 90 the relatively lower PCR amplification efficiency and increased stochasticity of low abundance 91 taxa (14). The applied library preparation method (dual index TruSeq-tailed 1-step 92 amplification (15)) causes a slight underestimation of Bacteroidetes abundance (unpublished 93 data), explaining the underestimation observed for this phylum compared to qPCR (Fig. 1b) . 94
95
To determine whether the quantitative NGS data can be used to more precisely estimate the 96 abundance of specific gut microbiota functions, we correlated quantitative NGS abundance of 97 butyrate-producing bacteria to the abundance of the butyryl-CoA:acetate CoA-transferase gene 98 determined by qPCR (16). As expected, quantitative NGS data explained a much larger 99 proportion of the variation in butyryl-CoA gene abundance than the relative abundance of the 100 butyrate producers (variance explained 0.47 versus 0.23, Fig. 2) . 101
102
We contend that our qPCR-based quantitative NGS enjoys conceptual and practical benefits 103 over other alternatives for quantification of the bacterial load in the NGS samples. First and 104 foremost, the same DNA extract serves as the starting material both for qPCR and NGS, making 105 qPCR easy to implement in the workflow for high-throughput analysis of up to thousands of 106 microbiome samples. Second, unlike flow cytometry that counts cells, qPCR and NGS both 107 target bacterial DNA, including extracellular DNA derived from lysed bacteria. Extracellular 108 DNA can be intrinsic or result from the differential lysis of Gram-positive and negative bacteria 109 during the common freeze-thawing prior to fecal DNA extraction. As the 16S profiles from the 110 gut appear very different for intracellular and extracellular DNA (17), qPCR is expected to 111 reflect the NGS-targeted community structure both quantitatively and qualitatively more 112 closely than flow cytometry. Third, qPCR is cost-effective and more accessible as the 113 laboratory settings, machinery and reagents are essentially the same as those needed for 114 preparing the NGS libraries. While PCR-based methods can be potentially biased e.g. due to 115 inadequate DNA extraction or primer coverage, these factors play a similar role in the NGS 116 itself (18). Simplicity is another strength, as no spikes or other exogenous controls are needed. 117
Lastly, our quantitative microbiome profiling approach is compatible with any downstream 118 bioinformatic pipelines, since it requires no complicated transformation or computation. 119 120
In conclusion, we caution against the analysis of microbiome NGS data solely relying on 121 relative abundances, since compositionality may skew biological inferences from microbiota 122 studies per our simulation data as well as the previously published studies. Although relative 123 taxon abundance can be indicative at times, absolute quantification is necessary for obtaining a 124 6 comprehensive understanding of the dynamics and interactions of the microbiome. To facilitate 125 the standard use of quantitative microbiome data, we propose a qPCR-based quantitative NGS 126 approach that entails a single additional amplification reaction and can be integrated into an 127 NGS workflow seamlessly. While our proposed approach does not solve the limitations and 128 biases inherent to the NGS technology, we believe our reductionist solution to compositionality 129 offers researchers improved biological insight from their microbiota sequencing datasets. 
